The reluctance network model of a permanent magnet tubular motor (PMTM) has been presented in the paper. The reluctance values of the magnetic circuit have been calculated with using analytical expressions. The air gap reluctance has been determined with using both analytical expressions and the finite element method (FEM). Using the calculation model, the flux values coupled with the windings have been obtained and used in the calculations of force value. The calculated results have been compared with numerical and measured ones.
INTRODUCTION
Linear electric motors, which convert electric energy directly into mechanical thrust, have become increasingly popular in many applications, such as manufacturing automation (Gieras et al., 2011) , transportation (Gieras et al., 2011) , power generation, fatigue testing of materials (Tomczuk and Waindok, 2009 ) etc. In Fig. 1a the permanent magnet tubular motor (PMTM) has been presented (Tomczuk et al., 2012) . It has been used in a drive for fatigue test stand. It is an original construction developed in Department of Electrical Engineering and Mechatronics at Opole University of Technology.
There are many various calculation methods used in the analysis of PMTM (Gieras et al., 2011; Tomczuk et al., 2012) . Nowadays, FEM method is widely used (Tomczuk et al., 2007) . However, it demands the knowledge of the field theory for formulation of the boundary problems and application of a computer package dedicated for the magnetic field analysis. In order to formulate some hints for design (initial values for geometry) and for evaluation of the field analysis the analytical methods are needed (Chevailler et al., 2004 (Gieras et al., 2011) . In the presented paper, the RNM method is used for the calculation of tubular motor. This method is understood by all who know the solving of circuits and is available for everybody because it does not demand some commercial computer applications. The execution time for this case is relatively short, as well.
PHYSICAL MODEL
The picture and cross section of the analyzed linear motor have been presented in Fig. 1 . The definitions of main dimensions are given in Fig. 2 . The parameters of the motor are given in Tabs. 1 and 2. The presented construction has been designed for fatigue testing of materials. Thus, it have to be characterized by high reliability and good dynamic properties. In order to achieve these requirements, the moving coil construction has been developed. 
RELUCTANCE NETWORK MODEL
The RNM model of the PMTM is presented in Fig. 3a . The linear properties of the steel has been assumed. In order to determine the linear magnetic permeability, the nonlinear B/H curve has been linearized (Fig. 3b) . The value μr=434 has been assumed and used in the RNM model.
The fluxes in the motor section are given in Fig. 4 . In case of steel cores and permanent magnets, the reluctance values ( Fig. 3a) for such elements can be calculated using the standard expressions:  Permanent magnet reluctance 
In the case of calculation the air gap reluctance, which is relatively long, the leakage flux lines have to be taken into account (Fig. 4) . The simple expression (Fig. 2 
doesn't give the correct value, which leads to calculation errors in magnetic flux determination. Thus, some calculations of the airgap reluctance have been carried out with using the finite element method (FEM). In Fig. 5 (Fig. 8a) . Due to relatively huge air gap, its reluctance calculated from expression (7) (Fig. 6 ) is much higher, than the real one (Fig. 7) . The differences exceed 100% (Fig. 8b) . Thus, a correction factor k has been introduced. Its value depends on the air gap and ferromagnetic ring dimensions (Fig. 9) . In order to obtain more correct value of the reluctance, we should introduce the factor in the expression (7). After multiplication the expression (7) by this factor we obtain more precise result: 
Due to a small value of the MMF of the excitation winding in comparison with the permanent magnet MMF, the former one has been neglected.
Using the magnetic potential method the linear system of equations could be formulated in matrix form (Fig. 3a) : 
where: .
After solution of the system above, the magnetic potential values in the nodes of the circuit in Fig. 3a were obtained. They are used for calculation of the fluxes in the motor magnetic circuit.
The electrodynamic force could be calculated from the simple expression:
However, in our case it is difficult to including the magnetic flux density values by points. Thus we have used more proper and convenient expression with the total magnetic flux value = Φ ℎ . (12) In Fig. 10 , the magnetic force values vs. the current intensity values, are presented. The results from linear RNM have been compared with the results from the finite element analysis and from the measurement results. A very good conformity between measurements and RNM calculation results is observed. The results from FEM method with nonlinear B/H characteristic differ a little bit more from measurement values. However, the differences are not significant (less than 7%). 
CONCLUSIONS
In many cases, when we are designing an electromagnetic device with relatively big air gaps the magnetic reluctances can be calculated with analytical expressions. When the gaps are very small and the magnetic circuit shape is complicated the finite element method (FEM) should be used. Thus, in many cases the analytical models are a good alternative to the numerical ones. They are characterized by very short calculation time, under acceptable accuracy.
Of all the analytical methods, the reluctance network method (RNM) is easiest and simplest. For the presented PMTM calculations, it has only one disadvantage -the proper determination of the air-gap reluctance is quite difficult. It influences the results significantly. In the presented case of TLM (tubular linear motor) with relatively large air-gap, there is no correction coefficient (in the literature) for analytical calculation of the reluctance. In the paper, the FEM method has been used for determination of the correction coefficient.
Using the calculation model, the flux values coupled with the windings have been obtained and used in the calculations of the force value. The calculated results have been compared with numerical and measured ones. The measurement validation of the presented method confirms its correctness.
